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^ ' Abstract 

We investigate maximally symmetric backgrounds in nonsupersymmetric string vacua 
■ with D-branes and 0-planes localized in the compact space. We find a class of solutions 

with a perturbative string coupling constant in all regions of spacetime. Depending on 
^ ■ the particular model, we find either a time evolution with a big-bang type singularity 

' or a space dependent background with generically orbifold singularities. We show that 

the result can be interpreted as a supersymmetric bulk with some symmetries broken by 
the boundaries. We also discuss an interesting connection to Lorentzian and Euclidian 
orbifolds. 
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1. Introduction and summary of results 



String tlieory provides a natural setting to address cosmological issues like the cosmological 
constant problem or the fate of the big-bang singularity. Whereas the first problem still awaits 
for a qualitatively different perspective, the second one led over the last ten years to more ex- 
plicit proposals like the pre-big bang model the ekpyrotic scenario [0| or brane- world models 
0. In the second model, objects with negative tensions were important for its realisation. In 
addition to the positive tension branes, orientifolds allow also for negative tension objects: the 
0-planes. This renders them candidates for rich possibilities of cosmological backgrounds. The 
goal of this paper is to study these possibilities. 

The string models we consider are vacua with D-branes and orientifold planes, |^ and 
with broken supersymmetry. Orientifold models with D-branes/O-planes with broken super- 
symmetry in various sectors of the theory were proposed in the last few years 0, |^, H, |[. The 
classical background of such vacua has typically lower symmetry and was explicitly worked out 
in some particular examples |0. An obvious and important worry about such constructions 
is the issue of classical and quantum stability and their fate. The fact that some of these 
constructions [§, ^ are tachyon-free in all moduli space of the theory is a promising feature, 
but gives only a partial answer to the stability question. On the other hand, it is clear that 
typically, as soon as supersymmetry is broken, D-branes/O-planes start to interact, curve the 
internal or the noncompact space and generically produce a time-dependent configuration. 

The explicit models we consider are nine dimensional string models. At the effective field 
theory level, supersymmetry breaking is described by non-BPS configurations of D-branes and 
0-planes, as as well as a one- loop bulk cosmological constant. 

The maximally symmetric classical background of these models generically depends on two 
coordinates, which, according to the details of the models, can be {t,y) or {z,y), where t 
is the time, y is the compact coordinate orthogonal to the branes and z is a noncompact 
coordinate parallel to the branes. We concentrate on solutions which are perturbative in the 
string coupling constant so that the classical solution receives small quantum corrections. In the 
time dependent case, we show by an adequate choice of coordinates that one of the solutions 
has a static bulk and hence has as much symmetries as the supersymmetric bulk, but the 
boundaries are moving and thus break the invariance under time translation. The solutions 
are characterized by a big bang (or big crunch) singularity which is due to the collision of the 
two boundaries. Interestingly, this solution can be interpreted also as an orbifold by a boost 
of a static and supersymmetric background. The boost parameter on the Lorentzian side is 
related to the branes and 0-planes and the one-loop cosmological constant. We also show that 
in models with NS-NS tadpoles, the usual NS-NS tadpole condition is replaced by a sum rule, 
which is basically the boosted version of the static tadpole condition. In the space dependent 
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case, the boundaries join at a conical singularity and also break some of the bulk symmetries. 
We show that this background can be considered as an orbifold by a two dimensional rotation 
of the supersymmetric one. 

One application of our work is to the big bang type cosmology. In this respect, our results 
have similar features to the pre-big bang and ekpyrotic P] scenarios. Another possible 
application is to the Fischler-Susskind mechanism. The relation we find between the classical 
solutions of nonsupersymmetric orientifolds and lorentzian orbifolds suggests a deepest relation 
at the quantum level. In this respect, a severe instability of lorentzian orbifolds was recently 



pointed in [|T^] along with some possible ways out |T2|, |Tl|. Irrespective of the final fate of 
lorentzian orbifolds, we believe that connections between seemingly unrelated vacua can be 
useful for a better understanding of perturbative and nonperturbative aspects of string theory. 
We hope to come back to this issue in the future. 

The paper is organized as follows. Section 2 describes the various classical and perturbative 
solutions for string models with D-branes and 0-planes in nine dimensions and their relation 
to Lorentzian and Euclidian orbifolds. Section 3 discusses some of their applications to the 
big bang and big crunch cosmology, whereas Section 4 presents some explicit string examples. 
Appendix A contains the technical details involved in the resolution of the equations of motion 
and a more complete set of various classical solutions, including the ones with strong string 
coupling in some regions of spacetime. Appendix B gives some details on the explicit string 
models under consideration. 



2. Time and space-dependent backgrounds of nonsupersymmetric strings 

We consider a generic form of the effective action of the Type II string containing D8 branes 
(and eventually 08 planes in the case of orientifold models). We include also the bulk one- 
loop cosmological constant Ai which typically arise in most nonsupersymmetric strings. The 
resulting effective action in the string frame reads 



-2* 
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S = ^,jd''x^ 

- ( ci\(To e-* + go ^9) - / d\{T,,/^ e"* + q,A,) , (1) 

Jy=0 Jy=iTR 

where $ is the dilaton, Ag the RR nine-form coupling to D8 branes and 08 planes and 7 is the 
induced metric. For simplicity of the discussion we placed all branes either at the origin y = 
or at ?/ = ttR of a compact coordinate y of radius R. Since supersymmetry is broken, we do 
not assume any relation between the RR charges qi and the NS tensions Tj. 

We consider in the following string vacua of the type 0, [|], where the RR charge is globally 
cancelled, as required by consistency arguments, but the NS-NS tadpole conditions are violated 
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and there is an induced one-loop cosmological constant 



lo + Qi = (RR tadpole conditions) , 
To + Ti 7^ (uncancelled NS — NS tadpoles) , 

Ai ^ 0. (2) 

The classical field equations have no solution with 50(9) symmetry, in agreement with various 



arguments presented in the literature [|10|- We search here for solutions depending on the 
compact coordinate y and on another coordinate, which can be the time t or another space 
coordinate z. We restrict ourselves in that section to solutions which are smoothly connected to 
the supersymmetric ones JTOf and have a perturbative string coupling throughout the spacetime. 



We leave to the Appendix A the explicit derivation of the complete set of classical solutions. 

2.1. Cosmological solutions 

The general form of such a solution is of the form 

ds' = e2^(*'^) (^1 + 's^^dx'^dx'' + e^^^'^y\-dt^ + dy^) , 

Fio = fit,y) eio , ^ = Ht,y) , (3) 

where eio is the ten-dimensional volume form. The eight-dimensional metric at fixed y and t 
is a maximally symmetric one: k = for a fiat eight dimensional space, k = 1 for a closed 
8-sphere and k = —1 for an open 8-hyperboloid. 

The equations of motion of the nine-form can be readily solved and the solution, in the 
Einstein frame, reads 

/ = -go ^'e'"^' e{y) , (4) 

where e{y) is an odd 27ri?-periodic function and e{y) = 1 when y is between and ttR. Since 
most of our results ask for the existence of negative tension objects, we mostly refer in the 
following to orientifold models |^ and consequently we choose the ten-form to be odd under 
y —* —y. Since the nine-form potential has no physical degrees of freedom, we replace it in the 
Lagrangian by its classical expression (H). As a result, we get an effective one loop cosmological 
constant given by 

Ae = Ai + . (5) 

We define for later convenience /3o = —Tqk^ and f3i = Tik!^. The Einstein and dilaton equations 
for the remaining functions are given byll 



^The notations we use are $tt = etc. 
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-7Au + 7Ayy - + 28^2 -Bu + Byy-^ + ^- 2lke^^-^^ + /c^A.e^^+^^Z^ = 5,(7) 
-%Au - 36^2 + 28^2 + %AtBt + %AyBy - - ^ - 2^ke^''-^^ + /c^AeC^^+^^Z^ = 0, (8) 



-8A^j, + 28^2 - 36^2 + %AtBt + SAyBy - ^ - ^ + 28A:e2^-2^ - /c^A^e^^+^^Z^ ^ 
Ay + AtAy - AtBy - AyBt + = , (10) 



4 4 
4 4 

16 

where we have defined 

s = e^*/^+^ [my) - my - ■ (n) 

All the functions A, B and $ are even in y and 2txR- periodic. The sources in the right-hand 
side of the equations determine the y derivatives of these functions at and nR as 

4 (0+, t) = ^ ei?(o,t)+5$(o,t)/4 ^ 4 (vri?-, t) = ^ eB(.R,t)+^H.R,i:)/^ ^ (^2) 
16 16 

and 

5,(0+, t) = A,(0+, t), $2,(0+, t) = -20Aj,(0+, t) , 

By{TxR-,t) = Ay{7rR-,t), %{7cR-,t) = -20Ay{nR-,t) . (13) 

The boundary conditions (|13]) imply the relations: 

^y,t) = -20A{y,t) + (f){t) , B{y,t) = A{y,t) + b{t), (14) 
where and b are for the time being arbitrary functions of time. The relations (|T1|) have the 



virtue of reducing the boundary conditions to (p!2|). Using the relations (|T^) in equation (p!0|), 

one gets 

[^24A-.-5<^/4]^^ = , (15) 

which is readily solved by 

g24A-6-50/4 _ F{y)+G{t) . (16) 



The relations (|1J) and (0) allow to transform the partial differential equations (|§-|y) into 



ordinary differential equations for b, 0, F and G. The boundary conditions (|I2|) translate into 

F'(0+) = ^ , FVi?-) = ^. (17) 

The equations resulting from the substitution in (H-^ of the relations ([I^) and (|16D are 
discussed in some details in Appendix A. We show there that for A; = it is possible to solve 
exactly and to find all the solutions of the equations of motion. There are two classes of 
solutions. The first one, denoted a in the Appendix A, is characterized by 

= , b^ = X^ , Gb + X^G = , (18) 
F'2 - A^F^ = 9K^Ae , (19) 
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where A is a positive constant. In ([T?]), ([T8|) and (|T9]) the prime (the dot) denote differentiation 
with respect to y (t). There is a second class of solutions, called b in the Appendix, which 
are characterized by G = 0. It is shown in the Appendix that the solutions in the first class 
are the only ones with a perturbative value of the string coupling in the whole spacetime. In 
addition, they are the only ones which are smoothly connected to the supersymmetric solutions 
P^ . Notice the remarquable fact that eqs. [IE) and (|TU]) are of first order, even though they 



are not derived from BPS-type conditions. 

The boundary conditions are not always compatible with equations (|^). Evaluating 
at the origin and at nR we get the two conditions 



T^><l'o+A ' T^>^l + A- (20) 



These conditions are necessary but, as we will see, not sufficient to insure the existence of a 
solution in this class. Before analysing in detail the solutions for the different models, notice 
that if the effective cosmological constant Ag is negative eqs. (pO) automatically satisfied. 



This is to be compared to the sum rules |]I5| where staticity and compactness impose severe 
restrictions (or fine tuning) on the tensions. 

The SUSY configuration is a special case of the above system: it corresponds to a vanishing 
one loop cosmological constant, Ai = 0, and to the equality of the RR charges and NS charges 
Qq = Tq = —Ti. This implies that X = 0, F' is constant and the space is flat, k = 0. 

If neither of the two conditions (^) are satisfied then the only solutions for the background 
of the form (§) have singularities in the string coupling and are displayed for completeness in 
the Appendix. However, a non-singular solution with the same number of isometrics exists, it 
amounts to interchange the time coordinate with one of the eight coordinates x, called z later 
on. If one the conditions (^) is true but not the other, then one has to look for a solution with 
lower symmetries. There are three qualitatively distinct cases to consider, depending on the 
value of the effective one-loop cosmological constant (|) : 

• i) If Ae > 0, then the solution has the formi 

F{y) = ^^shi\\y\+u;) , (21) 
where the boundary conditions ([T7|) determine the parameters A and uj 



ch{iu) = -ToK/{2^Ae) , ch{7rXR + uj) =TiK/{2^Ae) . (22) 

Notice that (^) can have a solution only if the tensions in y = and y = ttR have 
opposite signs. Therefore we need objects of negative tension in the theory, which in our 
explicit string examples later on are orientifold planes. 



■^There is also the solution F —F in (pTj). This is equivalent, however, to a reflection y — > — y + t:R which 
exchanges the two fixed points, accompanied by the replacement uj — > —u — nXR. 
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The final solutions of the classical field equations, in the Einstein frame, read 

3k\/AI 



24:A 



,feo+5<^o/4 ^ 
^24At+256o+50o/4 
-5f)o/6-9io/24 Q 



A 

^0 + 



e^*sh{X\y\ + 00) 



^''^e^*s/i(A|i/|+cu) 



A 







A 



(23) 



We did carefully keep track in (|23|) of the integration constants (po, bo and Go ■ Notice 
that for Go < 0, there are singularities in the (t, y) plane. We restrict in this section to 
safer values Gq > 0. Notice that for Ti < |To| , we get uj < and therefore there are 
singularities if Go + (Ska/A^/A) exp(At) sh{uj) < 0, whereas for Ti > |To| , u is positive 
and therefore there are no singularities in the compact space. In the limit of vanishing A 
and UJ, we recover the supersymmetric solution . 

Let us consider in more details the resulting space-time metric and choose for simplicity 
bo = 0, 00 = 0. We find 



Gn 



3K^/A 



"e^'sh{X\y\+uj) 



A 



d^.ydx^dx" + e^^\-dr + dy 



Finally, by making the change of variables 

T = Y e^* ch{\y + u) , 
A 

we get the spacetime metric 



ds' 



Go + SnJAeX 



A 



S^^dxi'dx" - dT^ + dX^ 



(24) 



(25) 



(26) 



when y > 0. The Z2 identification y —y is mapped in terms of the coordinates {X,T) 
to a parity Ux times a boost /C with a parameter 2uj. This means that the orientifold 
operation acts in the (T, X) plane as 



(27) 



In addition, the identification of points on the circle y = y + 27iR results in (T, X) 
coordinates in the orbifold identification 




ch{2n\R) sh{2nXR) 
sh{2nXR) ch{27rXR) 




(28) 



which is nothing but a two-dimensional boost }C2n\R with a velocity v = th{2Tx\R) in the 
(T, X) space. 
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The final result (^) is quite surprising. Indeed, ( ]26|) coincides with the spacetime metric 
obtained in [l^ in the supersymmetric Type I' string with N D8 branes at the origin 
X = of a compact coordinate of radius R and 32 — D8 branes at X = ttR ! The 
supersymmetric Polchinski-Witten solution and our non-supersymmetric solution appear 
to be two different orbifolds of the same ten-dimensional background. More precisely, 
the SUSY solution uses the translation group, while the non-SUSY one uses the two- 
dimensional Lorentz group. 

The metric (p6D and the identifications (pTj), (^) allow a simple physical interpretation of 
our configuration in the {X, T) coordinates. Indeed, the fixed points of the two orientifold 
operations are 

n' : X = thujT 
n' }C2nXR ■■ X = th{n\R + uj)T . (29) 

Consequently, the negative tension 0-planes and the branes located at the origin move 
with a constant velocity 

Vq = th u , (30) 

in the static background (0), whereas the positive tension branes and 0-planes aty = ttR 
move at a constant velocity 

vi = th {7fXR + uj) . (31) 

Moreover, the boundary conditions (P^ ) encode the dynamics of the two boundaries in 
the condition 

To^l-v^o + Ti^/l-v! = 0. (32) 

The interpretation of (|32D is quite simple. In the supersymmetric case, the branes and O- 
planes are at rest and (|32D reduces to the standard NS-NS tadpole condition Tq + Ti = 0. 
In the case with broken supersymmetry, the NS-NS tadpoles are "boosted" according 
to the velocity of the branes and 0-planes in the background (p6|). The boost is the 
one appropriate for a lagrangian density, since the dilaton field in (|l|) couples to the 
lagrangian, instead of the energy. 

An interesting particular example of the above results is the one in which all global 
tadpoles are cancelled and we have a negative bulk cosmological constant 

To + Ti = , Ai < . (33) 

In this case it turns out that ( 

UJ = 
Vq = 



is satisfied for 



TfXR 



ch 



, ,7rXR. 
th (^) 



,7[XR, 
' 2 ' 

Vi = 



, ,71 XR, 
th (^) . 



(34) 
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Therefore even in the absence of disk NS-NS tadpoles, one-loop cosmological constant is 
sufficient to generate a constant velocity dynamics, which can be interpreted in terms of 
orientifolds of a Lorentzian orbifold. Notice, however, that in this case the metric and 
the dilaton can be singular between the 0-planes. /^From this perspective, models with 
NS-NS tadpoles seem to be the only ones free of singularities in the compact space. 



ii) If Ag < 0, then the conditions (]2Q|) are verified and the solution for F is given by 

F{y) = ±^-^^ ch{X\y\+uj), 
where u and A are determined by 



sh{uj) = TToK/(2^-Ae) , shinXR + lu) = ±Tik/(2^-A, 
The solution of the classical field equations reads 

„feo+50o/4 



(35) 



(36) 



^24Ai+256o+50o/4 



A 

Gn± 



X 



-5feo/6-(^o/24 



Go± ^''\^ e''chiX\y\+uj] 
X 



By the same change of variables (|25D and by setting for simplicity bo = (f)Q 
y > the spacetime metric 



Gn ± 3kJA,T 



df.^dx^dx" - dT' + dX' 



(37) 

0, we get for 
(38) 



As in the case i), the Z2 identification y —y is mapped in terms of the coordinates 
(X, T) to a parity times a boost with a parameter 2u;, while the identification of points 
on the circle y = y + 271 R gives for the {T,X) coordinates the identification (pS]). The 
boundary conditions ([36| ) in this case imply the following condition on the spacetime 
boundary velocities 

-\/r^+-yr^=o. (39) 

Notice that in this case it is possible to obtain solutions to ( P5| ) with tensions of the same 
sign in the two fixed points, provided that the two velocities (|30|), ( pT) ) have opposite 
signs. 

iii) If Ag = 0, then there are time-dependent solutions provided that the tensions at y = 
and y = nR have opposite signs. The final form of the solution is 



ds' 



Go + Fo e^(*±l^l) 



6^^dx''dx'' + e^^^'+^°\-de + dy^ 



(40) 
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where Fo is a constant and the parameter A in (^Oj) is determined by the condition 



To 



(41) 



In this case, by introducing the coordinates (p5D with = 0, we find the spacetime metric 



(42) 



where we introduced the hght-cone coordinates = T ± X. Notice from (|4T|) that by taking 
To very small and negative To 0^, we can generate an infinite boost parameter A. 

2.2. Static solutions 

One may wonder whether there are similar solutions which do not depend on time but on 
an additional space coordinate 2;, that is with the ansatz 



ds^ 



e^^g^^dx^dx" + e^^{dz^ + dy 



(43) 



where g^i, is the eight dimensional fiat, dS or AdS metric and with A, B and $ functions of 
y and z. Here also we have two classes of solutions. The first one is also characterized by a 
finite string coupling and is smoothly connected to the supersymmetric solution [|l^]. In this 
case, a similar analysis as before shows that the eight-dimensional metric g^j_i, is fiat and, with 
the replacement t ^ z equations (0), ([l^) and ([T8| ) hold true. The nontrivial modification is 
a crucial sign in equation (0) which becomes 



(44) 



If we allow for a negative effective one loop cosmological constant, we see at once that (^) 
cannot be satisfied and the time dependent solutions are the only ones. Evaluating (|^) at the 
origin and at nR we get the two conditions 



Ai 



To^<go' + 4-^ , T,^<g^- + 4-^. 



(45) 



Unlike in (|20|) , these conditions are necessary and sufficient to insure the existence of a solution. 
The explicit form of the solution in this case is 



ny) 



A 



sin(A|?/| + oj) 



where the boundary conditions (|T^ determine the parameters A and uo 

cos(cj) = -Tofi:/(2^) , cos(7rA/? + uo) = Tik/(2 JA 



(46) 



(47) 
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The final solutions of the classical field equations, in the Einstein frame, read 



3 6o+5</>o/4 



^0 + 



A 



e^"" sm{X\y\ + lu) 



^24A2+25feo+50o/4 



Go + ^^^ e^^ sin(A|y| + u) 
A 



-5feo/6-0o/24 



Go + ^^e^^sin(A|i/|+a;) 
A 



(4J 



This solution is continously connected to the supersymmetric solution [|19[ in the limit of van 
ishing A and uj. 

The analog of the equation (0) in this case is 

To , Ti 



cos uj cos(A7r_R + uj) 

Notice that, contrary to the previous time-dependent case 
restriction on the tensions. 



. 



eq. 



(49) 

) does not give any 



The z coordinate is noncompact and the Planck mass in this background is infinite. There 
are singularities for z = oo (or z = — oo for the negative branch solution z —z). Depending 
on the sign of Go and the numerical values of A and uj, this solutions can also have singularities 
at a finite distance from the origin in the {z,y) plane . 



Interestingly, this solution can also be related to the supersymmetric solution ||T9[ . Indeed, 
by the change of coordinates 



Y 



e^"" sin(A?/ + a;) 



A 



1 
A 



e'^^ cos(A2/ + ijj) 



we get for y > the spacetime metric 



Go + "inJk^Y 



ri^^dx^dx"" + dY'^ + dZ' 



(50) 



(51) 



which is the one derived by Polchinski and Witten |T9[, except that here the Y coordinate is 
noncompact. The periodicity y = y + 2nR reflects in the new coordinate system {Z, Y) in the 
orbifold identification 




cos(27rAi?) - sin(27rAi?) 
sin(27rAi?) cos(27rAi?) 




(52) 



which is nothing but a two-dimensional rotation TZq in the {Z, Y) space, with an angle 6 = 27tXR. 
The orientifold identification y —y is mapped in terms of the coordinates {Z, Y) to a parity 
Ily times a rotation TZ2uj with an angle 2uj 

n' = nuy 7^2^ . (53) 
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The metric (|48|) and the orbifold and orientifold operations (|52D , (|53|) allow a physical 
interpretation of our configuration in the {Z, Y) coordinates. Indeed, the fixed points of the 
two orientifold operations are 

Q' : Y = tancu Z , 
^' 7^2^Ai^ : Y = tan(7rAi? + to) Z . (54) 

Consequently, the orientifolds and branes located at the origin have an angle 6q = u with 
respect to the Z axis, whereas the branes and orientifolds a.t y = ttR are at an angle 6i = 



ttXR+uj. In the new coordinate system, the interpretation of (^9]) is quite simple. It corresponds 
to the dilaton NS-NS tadpole condition obtained from the action (|T|), when we correctly take 
into account in the Born-Infeld action the different rotation of the two sets of D-branes and 
0-planes. Notice that the orbifold identification (^) imply that the two-dimensional {Z, Y) 
plane has singularities. For discrete values of the rotation angle A = 1/ {NR) or M/ {NR) with 
M and N coprime, these singularities are of a conical type and the resulting model before the 
orientifold operation ( ^If ) is the noncompact C/Z^ orbifold model. 



2.3. Freely-acting Lorentzian orbifold models 



It was shown in |TT| that Lorentzian orbifolds are unstable, since adding sources changes 
completely the spacetime which collapses into a large black hole. It was also pointed out in 
||TT| , Q that making the orbifold boost to be freely-acting by combining it with a shift in an 
additional coordinate can cure this problem in some cases. We would like here to point out that 
such freely-acting boost operations can also be obtained from some specific nonsupersymmetric 
orientifold models. For definiteness we restrict ourselves again to the case of the two-dimensional 
boost. Let us start with Type IIB, orbifolded by {—1)^5, where (—1)^ is the spacetime fermion 
number and 6 a shift acting simultaneously in two compact coordinates yi,y2 

S yi = yi + uRi , S y2 = y2 + t^R2 ■ (55) 

This orbifold breaks completely supersymmetry and generates a negative one-loop bulk cosmo- 
logical constant Ai, but has no fixed points. We now orientifold by the operation Q! = ^211^^^, 
where 11^^^ is a parity in yi. The fixed points under Q' will generate 08 planes. By consistency, 
we must introduce D8 branes in the theory^. The low-energy effective action is of the form (|I|). 
By the chain of arguments discussed in the previous paragraphs, the classical background of 
this model is equivalent to a two-dimensional orbifold operation, supplemented by a shift 

T + X e^^^^{T + X) , T-X ^ e''^^^^{T - X) , 

1/2 y2 + vri?2 , (56) 



*Perturbative orientifold models of this type can be explicitly constructed pil 
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X 



Figure 1: The spacetime diagram of the cosmblogical solution. In the region T < the 
time reversed evolution is drawn. The spacetime is contained in the cone defined by the two 
orientifold planes, denoted by dash-dotted lines. 



where (T, X) are defined in terms of {t,yi) as in (pSl) . In addition, the orientifold operation 
acting in the (T, X, 1/2) coordinates includes a boost, Q' = QIlx}C2uj, analogously to (P?]). 

This type of smoothing of the singularity for the usual Milne space turns out to be not 



sufficient to cure the instability problem discussed in ||Tl| and presumably also in the context 
discussed here. However, in other examples, like the "null-brane" orbifold |T^, it does help. It 
would therefore be interesting to find nonsupersymmetric vacua related in the sense described 
in the previous section to the null brane orbifold |]12|. 

A similar construction can be applied to models with a background depending on two space 
coordinates (0). This can help in order to give a simple meaning to the case where the 
parameter A is generic, by combining an irrational angle in the [Z, Y) plane with a translation 
along an additional circle. This actually defines a Melvin-type model There seems therefore 
to be a surprising connection between nonsupersymmetric orientifolds with NS-NS tadpoles and 
Melvin type string models. 



3. Cosmological applications 

The spacetime diagram representing the solution (|26|) is depicted in figure 1. The bulk 
is the region between the two dashed lines which represents the two moving boundaries. At 
T = there is a big bang type singularity and the two boundaries coincide. Near this region of 
spacetime the effective field theory approach we are pursuing is not valid due to the higher order 
a' corrections. Note however that the string coupling is small in this region so that higher genus 
corrections are expected to be negligible. With the help of (^61) , the proper distance separating 
the two fixed points under the orientifold involution is easily calculated and is given in the 
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Einstein frame by 



(57) 



25fi;VA^ 

where we recall that fo,fi are the velocities of the two boundaries (|30|), (|3T|). 

The distance becomes arbitrarily small for small T signalling a breakdown of the classical 
effective description. In the lower part of the diagram in figure 1 we draw the time reversed 
solution which represent two collapsing boundaries. Assuming, as in [jl| and [0 that string 
corrections allow a smooth transition between the two branches, one suppresses the big bang 
type singularity and gets an eternal spacetime. This could offer a new perspective on the 
proposals of [|I| , , since our string model realizes a scenario similar to the one proposed there 
and hopefully the string corrections are easier to handle. 

Since matter and Yang- Mills interactions are confined to the boundaries, the relevant metric 
to consider, from the point of view of an observer on the branes, is the induced one on the 
boundaries. Let us for simplicity suppose that = 0. The metric induced at the origin 
?/ = = X is just a flat metric, and the one induced at y = nR is given by 



Go + 3Ksh{TTXR)JAeT 



d^^dx^'dx" - dT' + dX' 



{51 



where we performed the change of coordinates T = T / ch{TT\R). The geometry of spacetime 
experienced by an observer on the boundaries does not necessarily reveal the spacetime singu- 
larities of the full ten dimensional geometry. This is particularly obvious for the induced metric 
on y = which is completely fiat and does not "see" the singularity at X = T = 0. On the 
other boundary, where the metric is (|58| ) the observer experiences an expanding universe with 
a singularity in the past at T = —GQ/{?>Ksh{TiXR)^/K'e)- However, this singularity is just an 
illusion since the metric looses its validity before that time at T = 0, where the true singularity 
takes place. 

We now turn to examine the backgrounds of different nonsupersymmetric models. 



4. Explicit string examples 

4.1. The SO{N) X USp{32 - N) model 

The model we consider here is an orientifold of the nine dimensional Scherk-Schwarz de- 



formation of Type IIA strings [|I^. There are several consistent orientifold operations already 
considered in the literature |^. The example we are studying here is based on the involution 
1^ = Q{—l)^'^Ily, where (—1)^^ is the left world-sheet fermion number and IIj^ is the parity 



in a compact coordinate y. The virtue of this projection, similar in spirit with the one used in 
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Type O orientifolds |]T8|, is that it eliminates the closed string tachyon present in the Scherk- 



Schwarz compactification. The fixed points of the orientifold operation are y = 0, containing 
an 08+ plane with (—16, —16) units of RR and NS-NS charges and y = tcR containing an OS- 
plane of charges (—16, +16). 

As shown in Appendix B, RR tadpole cancellation in this model asks for a net number 
of = 32 D8 branes placed in fixed positions on the compact coordinate y. A nice feature 
of this model, which was one original motivation for studying it, is that if all D8 branes are 
at the origin, the open massless spectrum is supersymmetric with gauge group 5*0(32), while 
if all D8 branes are placed in the other fixed point y = ttR, the massless open spectrum 
precisely coincides with the one of the lOd model with a gauge group USp{32). Moving 
continously the branes from one fixed point to the other interpolates therefore continously 
between the supersymmetric 50(32) and the nonsupersymmetrici USp{32) Type I strings. Of 
course, this statement is strictly speaking incorrect, since the closed (bulk) sector has softly 
broken supersymmetry governed by the radius 1/R, but for large enough radius the main 
supersymmetry breaking appears due to the simultaneous presence of D8 branes and OS- 
planes, which breaks supersymmetry at string scale, if they are in top of each other, or if not 
at a scale proportional to the distance between them. 

One of the puzzles of this model which motivated our investigation is the interaction pattern 
between D branes and O planes of this model. In fiat space, the 08+ plane aty = and the 08- 
a.t y = 7tR repel each other, a rather surprising feature, whereas 0-planes and anti 0-planes of 
the same type attract each other. Moreover, the D-branes do not interact with the 08+ planes 
by supersymmetry, whereas they are attracted by the 08_ planes. Consequently, if we start 
with an initial configuration of D8 branes on top of 08+ planes, with massless supersymmetric 
spectrum and gauge group 5*0(32), the dynamics of the system seems to push the D8 branes 
to move towards y = ttR and the final state of the system is the USp{32) nonsupersymmetric 
string ! 

In analogy with Section 2, we place N D8 branes at y = and the rest 32-N at y = ttR. 
The effective action of the system is (0), with /3o = (16 — N)k'^Ts, Pi = (48 — N)k'^Ts and 
go = Tq. There is a bulk one-loop cosmological constant, which is small in the large-radius 
limit R >> y/a', such that the effective cosmological constant is positive Ag > and we are 
in the case i) of section 2. To start with, we neglect the one loop cosmological constant. The 
equations are readily solved and the solution is (p3D with lj = 0. In this case, according to (|30|), 



the bounadry at the origin has zero velocity Vq = 0, whereas (|32D fixes the boost parameter 
A by the equation (3o ch{\TiR) = f3i. This relation shows that solutions with the symmetry 
displayed in (^ exist provided that the number of branes at the origin is less than 16 {[3q > 0) 
and therefore the tension due to the orientifolds and the branes at the origin must be negative. 



^In this case, supersymmetry is however nonhnearly reahzed in the open sector ml 
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It turns out that the sign of the one-loop cosmological constant is crucial. Indeed, since 
To = qo, eq. (|19D implies that there are no solutions for a positive one loop cosmological 
constant, no matter how small it is. Since supersymmetry is broken in the closed sector by a 
Scherk-Schwarz mechanism, the resulting one-loop cosmological constant is negative and (p!9|) 
does have solutions. 

We leave for future work a complete analysis of the dynamics of a probe brane in this 
background. Here we just note that, since the bulk is supersymmetric, a particular solution for 
the position of the test brane is X = est.. In this case, since the one-loop bulk cosmological 
constant is small, the velocity of the supersymmetric boundary at ?/ = is much smaller 
than the positive velocity of the nonsupersymmetric boundary aX y = ttR. Therefore, for this 
particular solution the test brane will stay closer to the supersymmetric boundary, despite the 
naive flat space arguments presented above. 

4-2. Other models 

The solutions we found in Section 2 can be used for other string models with broken super- 
symmetry. 

An interesting model to analyse is the nine dimensional model with 16 08+ planes at the 
origin and 16 anti-orient if old 08+ planes at the other fixed point y = ttR. In fact, this model 
is a different orientifold [0 of the same Scherk-Schwarz deformation of the type II string. The 
model do not need branes for consistency, since the RR charges add up to zero. In addition, 
the tachyon is not removed by the orientifold projection for any values of the radius. Let us 
however add an equal number of brane-antibrane pairs, the branes being placed at the origin 
and the antibranes a.t y = ttR, in order to avoid the occurence of open-string tachyons. For 
this configuration, we obtain 

To = {N-16)Ts , Ti = (AT - 16)T8 , 

go = -(Ar + 16)T8 , gi = (A^ + 16)T8 . (59) 

The bulk one-loop cosmological constant in this model is small in the large radius limit and 
therefore the conditions (^) are satisfied. We obtain therefore solutions of the type P5|), 
with the parameter X = 1/R. In the {Z,Y) coordinate system, the orbifold identification (^) 
becomes trivial and therefore we get a regular two-dimensional noncompact plane. 

Since the brane-antibrane pairs are not needed by the consistency of the theory, we can also 
analyse the particular case A^ = 0. The classical background can be easily deduced from section 
2. In fact this case corresponds to Po = — /3i and Pq > 0. If we take into account the negative 
one loop cosmological constant we can get solutions of the form (pT]), but only provided that 
the effective cosmological constant Ae is negative. This correponds however to a radius R of 
the order the string scale, where our effective theory analysis is not reliable. 
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Another model which can be similarly analysed is the T-dual of the USp{32) nonsupersym- 
metric string compactified on a circle. The model has 16 08_ planes at each fixed point and 
32 D8 branes which for simplicity can be distributed among the fixed points, N a.t y = and 
32 — N a.t y = ttR. Here, the one loop bulk cosmological constant is zero. A quick inspection 
of ([IqD supplemented with the boundary conditions ([TtD shows that there are no solutions for 
any values of N. 

We can also analyse the case of the supersymmetric Type I' string supplemented by a certain 
number N of brane-antibrane pairs. In order to avoid open-string tachyons, we place all 32 + 
D8 branes at the origin and all A^ D8 antibranes at y = ttR. In this case, we have 

To = (Ar + 16)T8 , Ti = (A^ - 16)T8 

go = {N + 16)Ts , qi = -iN + 16)T8 (60) 

and the bulk one-loop cosmological constant is zero. The conditions (|20| ) in this case are vio- 
lated, while (|45|) are satisfied. Therefore, a solution exists depending on two space coordinates 
{y, z) given explicitly by (^8]), with u; = and A determined by sin(7rAi?) = (16 — A^)/(A^ + 16). 

Acknowledgements. We are grateful to C. Charmousis, G. D'Appollonio and G. Pradisi for 
useful discussions. E.D. was supported in part by the RTN European Program HPRN-CT- 
2000-00148. 

A Appendix: Equations of motion and more solutions 

In this appendix we look for solutions to the equations of motion (H-^ supplemented with 
the boundary conditions (|T^). We will be able to find all the solutions with k = Q and special 
solutions with k = —1. 

The combination (||)-(^+2/5(|) using the relations (0) gives 

+ 8i0 + MOfce^* = 0. (61) 
^From (p!6D we get A in terms of F and G and their derivatives. The previous equation becomes 

'<P+\ + 6 + + 140A;e^^ = . (62) 

In this equation only F depends on If we assume that at least one among I3q and /3i is not 
zero than due to (P^ ) F cannot be constant. This implies that (f)G = 0. We have to consider 
two cases: a) = and b) G = 0. 
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Case a: Equation ( |62D with = gives k = 0, so only flat eight dimensional spaces are 
possible in this case. The combination (0) + (||) gives 

4b + {bG + G){F + G)-^ = . (63) 

This equation gives 6 = and bG + G = 0, so we have 6 = A, A being a constant and 

XG + G = . (64) 

Next, consider the equation (|^). After using (|BiD, it gives 

{G + XGY - (F'2 - X^F^ - Ae) + 2XF{G + XG) = . (65) 

This can hold provided that 

G + XG = , - X^F^ = dK^Ae . (66) 

We have obtained all the equations ( [TP| ) and (|TB|). It is now possible to verify that the 
other equations are identically satisfied. This case leads to solutions where the dilaton 
never diverges and they are smoothly connected to supersymmetric solutions in the limit 
of zero boost (rotation) and was discussed in great detail in the text. 

Case b: Since G = 0, we can assume without loss of generality that G = because an 
eventual constant G can be absorbed into F. Equation ( |62D now becomes 



6 + ^0)0 + UOke'^'' = . (67) 



In this case (|T6| implies 



1 /. 5 .\ F' 

24 V 4 V ' 24F ' ^ 



so that A {A') depends only on t (y). The four equations (§[-§) have thus the form 

Hy) + Giit) = , i = 1,...4 (69) 

for some functions jFj and Qi. This implies that both must be constants, that is 

= ai , = -Qi , (70) 

where Oj are four constants. The y dependent part of the equations is quite simple. For 
instance equation (H) gives 

F'2 - 9asF^ = 9k% . (71) 
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Inserting this equation in the other ones JFj determines the constants oi, 02 and 04 in 
terms of 03. The remaining equations read 

25a3 



{A + b) + 8A{A + b) 

o 

A + 8A' + Ab+-b+-ke^' = ^ 
8 8 2 

A + 8A' + 7ke''' = ^ , 



32 X 7A^ - r + 48A6 + 7 x 25fce 
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25a3 



(72) 

(73) 
(74) 

(75) 



Notice that all the equations are not independent since for instance (|7^-8([73D+7([74D is 
identically zero. 

Let us first consider the k = case. If we define h = exp ((6 + 50/4)/3), then the equation 
( [74D reads 

h — a^h = . 
A direct consequence of this equation is 

h'^ - a^h^ = E 

where is a constant. Equation ( 



(76) 
(77) 
(78) 



) now can be solved as 

where c is a constant. Equation (|72D and ( [73D are identically satisfied and equation ([f5|) 
gives E = c^/8. If 03 = > 0, then the solution reads 



h{t) 



3c A(t-to)- 
sh[- 



2V2X " 3 
The spacetime metric and the string coupling are given by 



(79) 



\sh 



X 



3 6 

^-56o/6-0o/24r ^ A(t - X{t - ^o) j ^2^^^^ -5/6 ^ 

3 6 



^0) 



where to is an integration constant and the parameters A and u are determined by (|2^) . 
The physical time-region can be taken for example between to and oo. The final solution 
depends, as in the solutions discussed in the text, on the sign of the effective cosmological 
constant. For the three different values of Ae, the y-dependent function F{y) is 

3ka/A: 



Ae > 

Ae < 
Ae = 



A 
A 



'-sh{X\y\ +uj) , 
-ch{X\y\ +uj) , 



^1) 
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where the parameters \,uj are determined by ( p2D if Ae > 0, by (|36| ) if Ag < and by 
16D if A, = 0. 



These solutions have large string coupling close to the big bang singularity. Moreover, 
they are not smoothly connected in the X = u = limit to the supersymmetric solution 



In the case as = — A^/Q < 0, the solution is 

h{t) 



3c .A(t — to)- 
sm 



(82) 



2V2X 3 

The solution exists only when the effective cosmological constant is positive. The final 
solution in this case is 



-[cos ^^^]-^/^[ct,(^^^ + ^)]2v^[^ sin(Ab| + CO)] 



-56o/6-</.o/: 



— A — — 3 — y^^^y^\y\ + ^) 



-5/6 



A 



[-dt^ + dy^ 



5,.rfx-rfx- + |cos^^^p/^|ct,(^^^ + ^)r^^^ -2 ' --^^ 

3 4 

where the parameters A and u are determined here by (0). 



(83) 



We were able to find particular curved solutions, 7^ of the system ( [72| - |75| )for k = —1. 
The solution has a constant b and ch: 



9 X 16as 
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The solution, which exists only for 03 > 0, is explicily given by 

,.2\ -2 ,2 



1 - J df.^dx^dx" + ^{-dt^ + dy^) 



(84) 

(85) 
(86) 



where for the three different values of Ag, the y-dependent function F{y) is given by (|8TD. 

Contrary to the flat solutions discussed in the text, all the backgrounds discussed in the 
Appendix cannot be transformed by a change of coordinates into static ones. 

There are also static solutions, depending on coordinates {z, y), with z being parallel to the 
branes. There are also two cases to consider, and the analog of case a was already discussed in 
the text. In case b, eqs. (|72D-|T5|) still hold provided we flip the sign in the right hand side of 
the equations. Here k = 1 corresponds to the dS eight-dim. space, whereas k = —1 corresponds 
to the AdS eight-dim. space. The solutions have a form similar to the one appearing in (^) 
and (p3D with the time-depence replaced by a z-dependence such that hyperbolic functions are 
replaced by trigonometric functions and vice-versa. 
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B Appendix: Nine dimensional nonsupersymmetric orientifold 



In this appendix we give the technical details for the string model ||I6| considered in section 
4. It is simpler to construct its T-dual version. We start from a Scherk-Schwarz deformation 
of IIB which is obtained by modding IIB on a circle of radius r by (—1)'^ x cr, where F is the 
spacetime fermion number and cr acts on a circle as an asymmetric shift ur Vr + irr, 

The resulting torus partition function is: 



^7) 



where the 50(8) characters are defined as: 



^8-^^, ^8-^;^, C,-^^ (88) 
with 9i the Jacobi functions and rj the Dedekind function and 

The resulting model interpolates between the IIB theory in the limit r — > and the OB theory 
in the limit r — > oo. 

After performing a rescaling of the radius r ^ 2r the torus amplitude reads: 

T = {{\V^?+\S^?)^2m,n+{\Os?+\Cs?)^2m+l,n] 

- {(Vs^s + 5'8V^8)A2m,„+i + (OsCs + C808)A2rri+i,„+i} • 

Next, we consider the orientifold obtained by gauging the discrete symmetry VL' = i7(— 1)^^ , 
where Vt is the standard worldsheet parity operator and (—1)^^ is the worldsheet fermion 
number. The resulting Klein bottle is given by: 

K = ^{(V8-58)P2™-(08-C8)P2™+l}, 

a' mP' 

with = J2m Q ■ The tachyon is antisymmetrised in the Klein bottle and removed from 
the spectrum. Notice that the limit where the radius goes to infinity reduces to the closed 
sector of the O'B model. 

The tadpoles are obtained from the transverse channel amplitude 

K = y (1^8 - Ss)Wn - {Vs + S^){-lYWn = y (V^8W^2n+l " SsW2n) , (90) 
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where py„ = En9^^- 

We can see that there is no NS-NS tadpole, but there is a R-R tadpole. The cancelation of 
the tadpoles will require the introduction of branes. In a T-dual spacetime interpretation, 
the model contains 16 08+ and 16 08_ planes. 

The open sector amplitudes for the D9 branes are 

A = ' E 5^ + ^1^2 E (Vs - Ss) , 

^ m m ■' 

M = E(-ir9^^8 + E ?^^8 , (91) 

The RR tadpole cancellation asks for A^i + = 32 and the resulting gauge group is SO{N\) x 
VS'piN'i). In the T-dual version we have A'^i D8 branes at the origin and A^2 = 32 — A^^i branes 
at the other fixed point. When A'"2 = the open spectrum is that of the supersymmetric type 
I, whereas the A^^i = open spectrum is the one of the VS-pi^l) non-susy model. 

Notice that in the limit R oo the RR tadpole cancellation condition is modified and the 
resulting gauge group is f/(32). 

References 

[1] G. Veneziano, Phys. Lett. B 265, 287 (1991) ; M. Gasperini and G. Veneziano, Astropart. 
Phys. 1, 317 (1993) ||arXiv:hep-th/9211021|| . 

[2] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 64 (2001) 123522 
||arXiv:hep-th/0103239|| ; J. Khoury, B. A. Ovrut, N. Seiberg, P. J. Steinhardt and 



N. Turok, Phys. Rev. D 65 (2002) 086007 ||arXiv:hep-th/0108187|| ; N. Seiberg, |arXiv:hep 



th/0201039| ; V. Balasubramanian, S. F. Hassan, E. Keski-Vakkuri and A. Naqvi, |arXiv:he^ 



th/0202187| ; L. Cornalba and M. S. Costa, |arXiv:hep-th/0203031| ; N. A. Nekrasov 



|arXiv:hep-th/0203112| ; L. Cornalba, M. S. Costa and C. Kounnas, Nucl. Phys. B 637 



(2002) 378 ||arXiv:hep-th/020426l|| ; A. J. Tolley and N. Turok, |arXiv:hep-th/0204091 



C. P. Burgess, F. Quevedo, S. J. Rey, G. Tasinato and C. . Zavala, |arXiv:hep-th/0207104 



[3] H. A. Chamblin and H. S. Reall, Nucl. Phys. B 562, 133 (1999) ||arXiv:hep-th/9903225|] ; 



P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565 (2000) 269 ||arXiv:hep- 



th/9905012|| ; A. Kehagias and E. Kiritsis, JHEP 9911, 022 (1999) ||arXiv:hep-th/9910174|] ; 



P. Brax, A. Falkowski and Z. Lalak, Phys. Lett. B 521, 105 (2001) ||arXiv:hep-th/0107257 



for a review and more references, see e.g. D. Langlois, |arXiv:hep-th/0209261 



[4] A. Sagnotti, in: Cargese '87, Non-Perturbative Quantum Field Theory, eds. G. Mack et 
al. (Pergamon Press, Oxford, 1988) p. 521; M. Bianchi and A. Sagnotti, Phys. Lett. B247 



21 



(1990) 517, Nucl. Phys. B361 (1991) 519; G. Pradisi and A. Sagnotti, Phys. Lett. B216 
(1989) 59; M. Bianchi, G. Pradisi and A. Sagnotti, Nucl. Phys. B376 (1992) 365; P. Horava, 
Nucl. Phys. B 327, 461 (1989); J. Dai, R. G. Leigh and J. Polchinski, Mod. Phys. Lett. A 
4, 2073 (1989). 



[5] J. Polchinski, "TASI lectures on D-branes," |arXiv:hep-th/9611050| ; C. Angelantonj and 
A. Sagnotti, "Open strings," |arXiv:hep-th/0204089 . 



[6] J. D. Blum and K. R. Dienes, Nucl. Phys. B 516 (1998) 83 [|arXiv:hep-th/970716q| ; Nucl. 
Phys. B 520 (1998) 93 ||arXiv:hep-th/9708016 |. 



[7] I. Antoniadis, E. Dudas and A. Sagnotti, Nucl. Phys. B544 (1999) 469 [|hep-th/9807011|| ; 
I. Antoniadis, G. D'AppoUonio, E. Dudas and A. Sagnotti, Nucl. Phys. B553 (1999) 
133 ||hep-th/9812TT8|l ; R. Blumenhagen and L. Gorhch, Nucl. Phys. B 551, 601 (1999) 
arXiv:hep-th/9812158| j; C. Angelantonj, I. Antoniadis and K. Forger, Nucl. Phys. B 555, 



116 (1999) ||arXiv:hep-th/9904092|| . 
[8] S. Sugimoto, Prog. Theor. Phys. 102 (1999) 685 ||hep-th/9905159 



I. Antoniadis, E. Dudas and A. Sagnotti, Phys. Lett. B 464 (1999) 38 ||hep-th/9908023|| ; 
C. Angelantonj, Nucl. Phys. B 566, 126 (2000) [|arXiv:hep-th/9908064|| ; G. Aldazabal 
and A. M. Uranga, JHEP 9910 (1999) 024 ||hep-th/990807l ; G. Aldazabal, L. E. Ibanez 
and F. Quevedo, JHEP 0001, 031 (2000) [ |arXlv:hep-th/9909l72|| ; C. Angelantonj, I. An- 
toniadis, G. D'AppoUonio, E. Dudas and A. Sagnotti, Nucl. Phys. B 572 (2000) 36 
|arXiv:hep-th/99 1108111 ; C. Angelantonj, R. Blumenhagen and M. R. Gaberdiel, Nucl. 



Phys. B 589, 545 (2000) [|arXiv:hep-th/0006033 . 



[10] E. Dudas and J. Mourad, Phys. Lett. B 486 (2000) 172 ||hep-th/0004T65| ; R. Blumenhagen 
and A. Font, Nucl. Phys. B 599 (2001) 241 [ |iep-th/0011269 



C. Charmousis, Class. 



Quant. Grav. 19 (2002) 83 [|arXiv:hep-th/0107126|| ; R. Rabadan and F. Zamora, |arXiv:hep- 
th/0207178 . 



[11] G. T. Horowitz and J. Polchinski, |arXiv:hep-th/ 0206228 . 



[12] G. T. Horowitz and A. R. Steif, Phys. Lett. B 258, 91 (1991); G. T. Horowitz and 
A. R. Steif, Phys. Rev. D 42, 1950 (1990); H. Liu, G. Moore and N. Seiberg, JHEP 
0206 (2002) 045 ||arXiv:hep-th/0204168|| ; |arXiv:hep-th/0206182| ; J. Simon, JHEP 0206, 
001 (2002) [|arXiv:hep-th/0203201|l ; M. Fabinger and J. McGreevy, |arXiv:hep-th/0206196 



[13] E. Dudas and J. Mourad, Phys. Lett. B 514, 173 (2001) ||arXiv:hep-th/0012071|| ; G. Pradisi 
and F. Riccioni, |arXiv :hep-th/010709C ; I. Antoniadis, K. Benakli and A. Laugier, Nucl. 
Phys. B 631, 3 (2002) [|arXiv:hep-th/0111209|] ; M. Klein, |arXiv:hep-th/0205300 . 



22 



[14] J. H. Schwarz and E. Witten, JHEP 0103 (2001) 032 ||arXiv:hep-th/0103099 



[15] G. W. Gibbons, R. Kallosh and A. D. Linde, JHEP 0101 (2001) 022 ||arXiv:hep- 



I th/00ll223| ; F. Leblond, R. C. Myers and D. J. Winters, JHEP 0107 (2001) 031 
arXiv:hep-tii/0106T40f ■ 



[16] E. Dudas and J. Mourad, Nucl. Phys. B598 (2001) 189 ||arXiv:hep-th/001017c 

[17] R. Rohm, Nucl. Phys. B237 (1984) 553; S. Ferrara, C. Kounnas, M. Porrati and F. Zwirner, 
Nucl. Phys. B318 (1989) 75; E. Kiritsis and C. Kounnas, Nucl. Phys. B503 (1997) 
117 IPiep-th/ 970305911 ; for recent work and extensive list of references, see for example 
C. A. Scrucca and M. Serone, JHEP 0110, 017 (2001) [|arXiv:hep-th/0107159|] ; D. M. Ghi- 
lencea, H. P. Nilles and S. Stieberger, New J. Phys. 4, 15 (2002) ||arXiv:hep-th/0108183 



[18] A. Sagnotti, |arXiv:hep-th/950908q ; Nucl. Phys. Proc. Suppl. 56B, 332 (1997) ||arXiv:hep- 



I th/97020"g3| ; Nucl. Phys. Proc. Suppl. 56B, 332 (1997) |^rXiv:hep-th/9702093|| . 
[19] J. Polchinski and E. Witten, Nucl. Phys. B 460 (1996) 525 [ |arXiv:hep-th/9510169 



[20] W. Fischler and L. Susskind, Phys. Lett. B 171 (1986) 383, B 173 (1986) 262. 
[21] M. Berg and A. Sagnotti ; G. Pradisi, private communications. 

[22] M. A. Melvin, Phys. Lett. 8 (1964) 65; G. W. Gibbons and D. L. Wihshire, Nucl. Phys. B 
287, 717 (1987) [|arXiv:hep-th/0109093|| ; F. Dowker, J. P. Gauntlett, G. W. Gibbons and 
G. T. Horowitz, Phys. Rev. D 52, 6929 (1995) [|arXiv:hep-th/9507143|] . 



23 



